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[1] Earlier studies have shown that Polar Mesospheric
Clouds (PMC) occur more frequently in the northern
hemisphere (NH) than the SH, consistent with colder NH
temperatures. Coincident PMC observations with the Solar
Backscatter Ultraviolet instruments on the NOAA-16 and
NOAA-18 satellite and temperature and water vapor mea-
surements with the Microwave Limb Sounder on the Aura
satellite support this result. These coincident measurements
also show that, for similar temperatures and water vapor
mixing ratios, PMCs occur more frequently and are brighter
in the NH than the SH. Possible reasons for these hemispheric
differences are discussed. Citation: Shettle, E. P., G. E.
Nedoluha, M. T. DeLand, G. E. Thomas, and J. J. Olivero (2010),
SBUYV observations of polar mesospheric clouds compared with
MLS temperature and water vapor measurements, Geophys. Res.
Lett., 37, L18810, doi:10.1029/2010GL044132.

1. Introduction

[2] Polar Mesospheric Clouds (PMC) form in the upper
mesosphere (~80 to 86 km) poleward of 50° latitude during
the summers in each hemisphere. These clouds are formed of
water ice particles [Hervig et al., 2001; Eremenko et al.,
2005], and so will form only where the temperatures are
cold enough for water vapor to be saturated relative to ice. It
has been observed that more PMCs occur in the Northern
Hemisphere (NH) than the SH, consistent with the colder NH
temperatures [e.g., Hervig and Siskind, 2006; Wrotny and
Russell, 2006]. This paper supports that finding, by using
observations of PMCs made by the Solar Backscatter Ultra-
violet (SBUV/2) instrument on the NOAA-16 and NOAA-18
polar orbiting satellites together with coincident measure-
ments of atmospheric temperature and water vapor made by
the Microwave Limb Sounder (MLS) instrument on Aura.
These satellites have nearly the same equator crossing time
(~1345) although with slightly different orbital altitudes and
periods. This means about every 30 orbits Aura will catch up
with and pass underneath the NOAA satellites, providing a
series of coincident observations from the two satellite plat-
forms. We obtain several thousand coincidences poleward of
50° latitude during each PMC season (30 days prior to
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Summer solstice to 70 days after). We analyze five seasons of
coincidences in the SH and four seasons in the NH, starting
with the SH summer 2004-05. Sections 2 and 3 describe the
SBUYV and MLS measurements respectively, and the results
are presented in Section 4, and discussed in Section 5.

2. SBUYV Measurements

[3] The SBUV and SBUV/2 instruments were developed to
measure stratospheric ozone [Heath et al., 1975]. They make
nadir viewing measurements of backscattered radiation at
12 wavelengths from 252.0 to 339.8 nm to determine the
vertical ozone profile. Thomas et al. [1991] showed that these
data could be used to measure PMC occurrence frequency
and brightness. Their approach was used by DeLand et al.
[2003] to look at long-term variations in PMC properties.
The detection algorithm was improved by DeLand et al.
[2007] to produce a version 3 PMC product which is used
in the present study. The brightness of the detected PMCs in
nadir-viewing geometry is typically only 4% to 10% of the
background albedo. This means that SBUV only detects the
brightest PMCs above normal background variations caused
by ozone variability.

3. Microwave Limb Sounder Measurements

[4] The MLS instrument on the Aura spacecraft [Waters
et al., 2006] was designed to measure temperature, ClO,
03, H,0, plus a number of other atmospheric species. The
MLS microwave radiometer scans the atmospheric limb
looking forward along the orbit, so the actual measurement
point is about 3000 km in front of the Aura satellite. The Aura
satellite was launched on 15 July 2004 with the MLS
instrument beginning operation mid-August 2004. For the
present study our interest is in the temperature and water
vapor products. The temperature is derived from measure-
ments of the 118 and 234 GHz oxygen lines. In the upper
mesosphere it is measured with a precision of ~3 K, and has a
vertical resolution of about 14 km [Schwartz et al., 2008]. The
horizontal resolution is 200 km along the line-of-sight (LOS)
by 6 km cross-track. During the polar summers, MLS shows a
warm bias in the upper mesosphere relative to the Sounding
of the Atmosphere using Broadband Radiometry (SABER)
instrument [see Schwartz et al., 2008, Figure 22]. (Only the
MLS comparisons with SABER are available at high lati-
tudes. The comparisons for other latitudes and seasons and
with other instruments generally differ by less than 5 K.)
Comparisons between MLS and SABER near the mesopause
are complicated by the anomalously low mesopause in v1.06
SABER data. The water vapor is derived from the 183.3 GHz
line using the 190 GHz radiometer. In the upper meso-
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Figure 1. (top) Number of SBUV measurements in each
1 K temperature interval for NH (blue) and SH (red) summed
over all available seasons. (bottom) Number of PMC detec-
tions in each hemisphere summed over all seasons.

sphere the water vapor has a vertical resolution of ~12—16 km
[Lambert et al., 2007], a horizontal resolution of 300 to
400 km by 6 km and has an uncertainty of about 1.2 ppmv
(~34%).

4. Analysis

[s] Both NOAA-18 and Aura are in sun-synchronous
orbits with an equator crossing-time near 1345 h. This means
even with different altitudes (854 km vs. 705 km) and periods
(102 min vs. 99 min), there will be frequent coincidences.
Approximately every 30 orbits Aura will catch up with and
pass directly underneath NOAA-18. We define a coincidence
by requiring the location of the MLS measurement to be
inside the SBUV/2 170 km x 170 km nadir field of view,
within 15 minutes of the SBUV/2 measurement. This is a
short enough time interval to assume that there has been no
significant change in the cloud or atmospheric properties
when averaged over the instrumental fields of view and cloud
motions will be small compared to the SBUV/2 field of view.
NOAA-18 was launched in May 2005, with the first PMC
measurements taken in June 2005. For the 2004—05 Southern
Hemisphere (SH) PMC season, the NOAA-16 satellite
(which carries an SBUV/2 instrument) also provided frequent
coincidences with MLS measurements. We therefore have
useful coincidence data available for five SH PMC seasons
(2004-05 through 2008-09) and four NH seasons (2005
through 2008), where we define the PMC season as extending
from 30 days before Summer Solstice to 70 days afterwards.

[6] The SBUV/2 measurements of PMCs provide no
information on their altitude, so for simplicity we interpolate
the MLS measurements at 0.01 hPa and 0.0046 hPa to a
pressure of 0.006 hPa, which corresponds to a typical PMC
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altitude of about 83 km. The altitude of the 0.006 hPa pressure
level reflects the ~1 km increase in PMC altitude from 50° to
80° latitude and about half of the ~1 km greater altitude of
PMCs in the SH relative to the NH, as shown by lidar and
other measurements [Liibken et al., 2008]. Rather than
directly using the MLS water vapor product, we calculate the
saturation ratio (the ratio of the interpolated water vapor
pressure to the saturation vapor pressure with respective to
ice), using the parameterization of Murphy and Koop [2005].

[7] Combining data from all seasons, we find more than
20,000 coincidence events over four NH seasons with
2,295 PMCs detected, and more than 26,000 events over five
SH seasons with 1,496 PMCs detected. Figure 1 shows how
the number of events varied with temperature. The tempera-
tures at 0.006 hPa were generally lower in the NH than in
the SH, with more than twice as many measurements below
140 K.

[8] The frequency of occurrence (FO) of the PMCs in these
data as a function of temperature is shown in Figure 2 (top),
and as a function of saturation ratio (S) in Figure 2 (bottom).
As would be expected, the FO increases with decreasing
temperatures and with increasing S. If the ice phase water was
in equilibrium with the water vapor at a given temperature we
would expect that the FO would simply depend on the tem-
perature or saturation ratio independent of the hemisphere.
However, there is also the unexpected result that for a given
temperature or a given S, there is a higher FO of PMC in
the NH than in the SH. Possible explanations for this are
discussed in the following section. It should be noted that
in Figure 2 (and Figures 3 and 4) a few points have been
excluded where the uncertainties due to limited sampling are
too large to make meaningful comparisons.
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Figure 2. (top) The PMC frequency of occurrence as a func-
tion of temperature in each hemisphere. (bottom) The PMC
frequency of occurrence as a function of saturation ratio in
each hemisphere. The dashed lines in each panel indicate
the 2 standard deviation confidence limits.
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Figure 3. Average PMC albedo (top) as a function of Tem-
perature and (bottom) as a function of Saturation Ratio.

[9] Only for the largest S values does the FO of PMCs
approach 0.5. This is due in part to the nature of the SBUV
PMC detection algorithm, which detects PMCs as the
brightest events in a distribution of measurements. The
SBUV field of view also averages a large horizontal region
that may be only partially filled by a PMC, and may not
increase the albedo by enough to be detected. This means,
even if most of the coincidence events include PMCs within
the SBUV field of view, only the brightest ones will be
identified as such.

[10] The non-negligible FO of PMCs when the S value is
less than 1.0 (ice crystals are unstable in unsaturated air) has
several possible explanations: (i) The PMCs are typically 2 to
3 km thick compared with the 12 to 14 km vertical resolution
of MLS. (ii) The 3 K uncertainty in the MLS temperatures
corresponds to a factor of 2 to 3 uncertainty in S for tem-
peratures of 140 to 150 K. (iii) The coarse vertical resolution
of the MLS temperatures means that near the temperature
minima at the mesopause the temperatures will be biased high
(and the S biased low). Convolving the SOFIE temperature
profiles [Hervig and Gordley, 2010] with the MLS temper-
ature kernel indicate this effect would be ~14 K. A possible
high bias of MLS temperatures is supported by comparisons
with SABER which show a high bias during the polar sum-
mers as noted in section 3.

[11] The average PMC albedo increases with decreasing
temperature and with increasing S, as shown in Figure 3.
These albedo values show the same hemispheric asymmetry
seen in Figure 2 for PMC detection probability. At a given
temperature or S, the coincident PMCs are brighter in the NH
than in the SH. This raises the question of whether other
factors are different between the two hemispheres. The
hemispheric differences in the mean PMC albedo are more
ambiguous than the FO. While the PMCs are brighter in the
NH for the lowest temperatures and the highest saturation
ratios, for temperatures greater than ~147 K and saturation
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ratios less than ~1, the SH PMCS are brighter. As noted
above, the altitude of the 0.006 mb surface only accounts for
half of the ~1 km greater altitude of PMCs in the SH. This
means that the FO and mean albedos for the SH shown in
Figures 2 and 3 should be shifted to lower temperature (and
higher saturation ratios) relative to the NH. This adjustment
would result in increasing the north/south differences.

5. Discussion

[12] Figure 1 shows that the 0.006 hPa level in the NH has
lower MLS temperatures than in the SH, with an average of
146.1 K versus 149.7 K. For the PMC events the mean
temperatures are 7 to 8 K cooler. The SABER climatology of
Xu et al. [2007] shows lower temperatures in both hemi-
spheres with a larger North/South difference [see Xu et al.,
2007, Figure 7]. This is qualitatively consistent with the
MLS/SABER temperature differences as given by Schwartz
et al. [2008, Figure 22] for the high latitude summer
months. PMCs are detected more frequently in the NH than in
the SH (11.4% vs. 5.7%). However, we note from Figures 2
and 3 that even for a given temperature or saturation ratio,
there is a higher probability of detecting a PMC in the NH
than the SH and there are hemispheric differences in the PMC
albedo. While the brighter PMCs in the NH would be
expected to increase the probability of being detected, this
still does not answer the question as to why there are such
differences in the brightness or FO.

[13] There are several factors which may contribute to the
difference in the observed PMC/saturation relationship in the
two hemispheres. One factor which may contribute to this
difference is the difference in the diurnal time sampling of the
MLS NH and SH measurements. The local times (LT) of the
MLS measurements in the NH range from 0240-1300, while
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descending node measurements (1420 < LT < 1730).
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in the SH these measurements cover completely different
local times 1420-0030. Lidar measurements have shown that
there are diurnal variations in the properties of PMCs [ Fiedler
et al., 2005; Chu et al., 2006], which suggests that there is
a significant diurnal variation in saturation. Recent studies
show that the ice particles in PMCs form and develop on time
scales of hours to a few days [Rapp and Thomas, 2006;
Zasetsky et al., 2009], hence PMCs are likely to be sensitive
not just to the saturation conditions at the time of the mea-
surement, but to the recent history of saturation conditions.

[14] While MLS and SBUV measurements do not provide
full diurnal sampling, we have compared PMC detection
probabilities and albedos as a function of temperature for
the ascending and descending measurements. In the SH the
measurements equatorward of 80S were binned separately
into 2200 < LT <0030 and 1420 < LT < 1730 bins, while in
the NH we separated 0300 < LT <0530 from 1000 < LT <
1300. In the NH these times are near the times of the PMC
FO maximum and minimum respectively as seen by lidar
[Fiedler et al., 2005], which is consistent with the SBUV/2
results. In the SH the times of the SBUV/2 measurements are
between the times of the extremes at Rothera [Chu et al.,
2006]. When looking as a function of temperature in the
NH these distributions did not differ significantly except for
the FO values for temperatures in the 134-138 K range (at
lower temperatures there were not enough ascending node
measurements for a statistically meaningful sample). In the
SH the distributions for albedo as a function of temperature
did not differ significantly, but the FO, as shown in Figure 4,
did differ significantly. Thus, the local time of the measure-
ments could contribute to the hemispheric differences in the
dependence of the PMC FO as function of T or S but with
only limited LT differences in the NH, it might not be the
primary factor. There are additional differences in conditions
between the NH and SH which could also contribute to the
observed PMC differences.

[15] For example, hemispheric differences in the gravity
wave activity and associated drag effects on the wind and
temperature resulting from weaker gravity wave drag in the
SH upper mesosphere [Dowdy et al., 2001; Siskind et al.,
2003] have been suggested to be the cause of the warmer
SH mesosphere. Larger temperature fluctuations in the NH
could increase particle formation rates, thus contributing to
greater efficiency in ice production. Chandran et al. [2010]
have found that there are longitudinal variations in the gravity
wave forcing that might also play a role.

[16] There is still some uncertainty whether the PMC ice
particles initially form by heterogeneous processes on mete-
oric smoke particles, sulfuric acid droplets, or heavy ions in
the upper mesosphere [Rapp and Thomas, 2006], or whether
homogeneous nucleation is also a contributor particularly in
the cold troughs of gravity wave perturbations [Murray and
Jensen, 2010]. In either case hemispheric differences in the
availability of these ice nuclei, or the more frequent occur-
rences of extremely low temperatures (favoring homoge-
neous nucleation) could account for the observed differences
in the PMC FO.

[17] We plan to extend this analysis using PMC observa-
tions from the Ozone Monitoring Instrument (OMI), also
flying on the Aura satellite. The smaller pixel size of OMI
(13 km x 48 km at nadir) increases its sensitivity for PMC
detection [DeLand et al., 2010]. Since OMI also has coinci-
dent observations with MLS on every orbit, these data will

SHETTLE ET AL.: PMCS COMPARED WITH T AND H,O

L18810

provide a huge increase in the number of available coincident
events for our analysis. Possible other improvements would
be to use IR solar occultation instruments such as SOFIE
[Hervig and Gordley, 2010] or ACE [Petelina and Zasetsky,
2009] which provides better vertical resolution and can
directly infer the temperature of the ice from the shape of the
3 micron absorption band.

[18] Acknowledgments. Most of this work was supported by grants
from NASA’s Science Office. Parts of E. P. Shettle’s and G. E. Nedoluha’s
work were supported by NRL internal funding (from ONR). G. Thomas was
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